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Abstract: Esters were found to be promising alternatives to oil, as a constituent of drilling fluids, due
to their biodegradability and bioaccumulation attributes. In this study, we used ethyl octanoate ester
(EO) as a low molecular weight synthetic oil for formulating an ester-based drilling fluid (EBDF).
Aluminum oxide nanorods (nanoparticles) were introduced as a Pickering emulsion stabilizer. Like
the commercial emulsifiers, they showed that they stabilized the invert emulsion drilling fluid in
our study. The rheological and filtration properties of the EBDF were tested at normal pressure
and three temperatures: low temperature deepwater (LT) conditions of 2.6 ◦C, normal pressure and
normal temperature (NPNT) conditions of 26.8 ◦C, and elevated temperature conditions of 70 ◦C. To
enhance the stability and filtration properties of the drilling fluid, aluminum oxide nanoparticles
(NPs) were used. An optimum concentration of 1 wt% was found to provide superior rheological
performance and higher stability than samples without NPs at NPNT, LT, and elevated temperature
conditions. Steadier gel rheology was exhibited at elevated temperature conditions, and a slow rate
of an increasing trend occurred at the lower temperatures, with increasing NP concentrations up to
1.5 wt%. Filtration loss tests presented a reduction of fluid loss with increasing the NP concentration.
The results demonstrate that a reduction of up to 45% was achieved with the addition of 1 wt% NP.
These results show that nano-enhancement of ethyl octanoate drilling fluids would suffice to provide
a wider range of operational temperatures for deepwater drilling operations by providing better
thermal stability at elevated temperatures and maintaining stability at lower temperatures.
Keywords: ester-based drilling fluid; ethyl octanoate; low temperature; nanoparticles
1. Introduction
Over the past several years, the exploration of oil and gas has significantly expanded
in offshore and deepwater fields. There are abundant resources of oil and gas in deepwater
zones that have triggered the interest in superfluous exploration. In offshore drilling
operations, the drilling fluid is a key factor in overcoming the challenges of low temperature
and gas hydrate formation. The variations in temperature in offshore operations, especially
deepwater, affect the rheological properties of the drilling fluids, such as the viscosity and
yield point, massively. These changes can lead to the initiation of lost circulation, difficulties
in controlling the pressure, drilling fluid stability, and high equivalent circulating density
(ECD). Oil-based drilling fluids (OBDFs) are preferred in offshore and deepwater drilling
operations instead of water-based drilling fluids (WBDFs), due to their performance that
leads to better lubrication and stability of rheological properties in environments with
varying temperature conditions.
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In many regions around the world, such as the North Sea and the Gulf of Mexico,
environmental regulations have been made to ban the use of diesel in oil-based drilling
fluids since 1984. This is due to issues related to the toxicity of diesel affecting marine
life [1]. Although WBDFs have a lower cost and are also biodegradable and non-toxic, they
are not suitable to use in drilling complicated wells, such as in shale formations or high
pressure and high temperature (HPHT) conditions. Ester-based oils were developed to
comply with the marine ecosystem requirements of cuttings discharge that diesel failed to
meet. Therefore, the dominance of EBDFs over commercial synthetic-based drilling fluids
(SBDFs) is due to its minimal toxicity, as well as its biodegradability and bioaccumulation
when drilling fluid design is considered. However, EBDFs have shown some limitations in
challenging environments, such as deepwater drilling and marine sensitive conditions.
In this study, the main objective was the development of a nano-enhanced ester-
based drilling fluid that has a wider range of operational temperatures, as an alternative
circulating fluid for drilling operations; this drilling fluid would be compatible with cold
offshore environments and elevated formation temperature conditions. Since the ability
of the drilling fluid to perform its main functions (e.g., hole cleaning, cooling the bit, etc.)
depends on the rheological and filtration properties, the application of nanoparticles in
this EBDF was investigated. The results show that nano-enhancement is a potential way
to improve the rheological and filter loss properties of the drilling fluid and reduce its
degradation and hydrolysis at elevated temperatures.
1.1. Ester-Based Drilling Fluids
Over the past several years, studies have been conducted to understand the relation
between the structure of ester and its effects on the properties of EBDFs. Esters’ physic-
ochemical properties (e.g., pour point, flash point, kinematic viscosity, hydrolytic and
thermal stability) are highly dependent on the structures of the fatty acid derived from
the alcohol during the chemical reaction and the functional group of the ester [2]. For
ester-based drilling fluids, it is desired to have a fluid with a low pour point and viscos-
ity. In addition, it is also essential to seek high hydrolytic and thermal stability during
the selection of the ester [3]. The kinematic viscosity of the ester is crucial to consider
since it expresses the fluid’s tolerance to water and solids as additives during the drilling
process [4]. A low kinematic viscosity would improve the pumpability; furthermore, the
cost of expensive ester could be reduced by increasing the volume fraction of brine when
formulating the drilling fluid [5,6].
Therefore, to reduce the viscosity of the ester, the molecular flexibility should be
increased in addition to a reduction in the molecular weight [1,7]. Drilling fluids formulated
with base oils such as palm oil, coconut oil, and soybean oil that have long chains with
high molecular weights, exhibit high plastic viscosities. This can trigger the fracturing
of the formation in subsurface media if the equivalent circulating density is higher than
the fracturing pressure. On the other hand, palm oil methyl ester and canola oil methyl
ester, which are derivatives of triglycerides, consist of shorter chains with lower molecular
weights; therefore, they exhibit low kinematic viscosity. Nevertheless, their high pour
points still remain an issue in offshore and deepwater operations [2,8]. Therefore, there
is an extremely narrow window for using drilling fluids due to the very low seawater
temperature [4].
It has been recognized that esters that are derived from plant oils provide the best
environmental performance out of the SBDFs. The emission of organic vapors from them is
minimal relative to linear alpha olefins LAO and isomerized olefins (IO), and they undergo
full biodegradability in both aerobic and anaerobic conditions [9–11]. When addressing
biodegradation, bioaccumulation, lubricity, and eco-toxicity, EBDFs are also superior to
other SBDFs; therefore, they are considered the best environmentally friendly options
for drilling fluids. Yet, investigations are being continued to overcome issues in offshore
drilling operations and complex boreholes to resolve challenges associated with offshore
cold environments and HPHT conditions. Particularly in sensitive marine areas, EBDFs
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need to be enhanced for better performance in low temperature conditions while abiding
environmental regulations [12,13].
In offshore applications, where the temperature is low, the rheology of the drilling
fluid is affected by the kinematic viscosity and the pour point of the fluid [1]. At low
temperatures, more rheological flexibility is permitted by the base oils with lower pour
points. Therefore, esters that have a low symmetrical molecular structure, such as esters
from saturated fatty acids, are favorable, as they have lower pour points [6,14]. On the other
hand, due to the esters’ hygroscopic nature, the hydrolysis reaction is generally undergone
at temperatures higher than 140 ◦F (60 ◦C); below that, the reaction would happen slowly.
To overcome and reduce the effects of hydrolysis in EBDFs, suitable metal-based additives
could be used for faster heat dissipation to the subsurface environment, which would help
to avoid the increase in temperature in drilling fluids. Some metals that are compatible
with esters and can be used to minimize the rate of hydrolysis are aluminum and its alloys,
copper, nickel, titanium, silver, chromium, and tin [6].
Sauki et al. [15] studied the use of C12–C14 palm oil-derived esters. In their research,
the oil/water ratio content in the drilling fluid was maneuvered to select the preeminent
EBDF. The drilling fluid with the oil/water ratio of 80:20 was selected as the optimum
formulation for the EBDF, since a higher yield point was achieved compared to the drilling
fluid developed with an oil/water ratio of 90:10. The rheological properties of the EBDF
were compared with both Sarapar-based drilling fluids (a commercial drilling fluid) and a
water-based drilling fluid (WBDF). Moreover, the EBDF filtration loss was similar to both
Sarapar-based drilling fluids and less than the WBDF. However, its application in offshore
and deepwater drilling operations is limited by the high pour point of the palm oil-derived
ester used as the base fluid.
In a recent study by Said et al. [16], a palm methyl ester drilling fluid (PMDF) was
compared with a commercial OBDF formulated with a low-toxicity mineral oil. The PMDF
viscosity was found to be extremely high relative to the other low-toxicity mineral oils;
this issue of the PMDF was resolved by using less clay, and an adequate ester/water ratio.
The rheological properties of the drilling fluid remained stable up to 250 ◦F (121 ◦C) under
10,000 psi pressure. In addition, the drilling fluid, after hot rolling for 16 h at 280 ◦F (141 ◦C),
did not deteriorate. However, it degraded at temperatures above 350 ◦F (177 ◦C). On the
other hand, the PMDFs with high densities exhibited a loss of stability in their rheology
profiles in low temperature conditions.
Orji et al. [17] investigated the formulation of C10 esters, where the rheological prop-
erties of ethyl octanoate (EO) and octyl acetate (OA) were compared to a commercial
synthetic-based drilling fluid at different temperatures ranging from 80 ◦F (27 ◦C) to 200 ◦F
(93 ◦C). The results showed that the EO-based fluid had a pH of 6.73, which is lower
than the pH of 7.2 of a commercial fluid; an even lower value (4.62) was reported for the
OA-based drilling fluid. While the pour point was below −4 ◦C for all three drilling fluids,
the flash point of the reference fluid (219 ◦C) was much higher than the values for the
two esters (169.60 ◦C and 171.72 ◦C for EO- and OA-based drilling fluids, respectively).
The ester-based drilling fluids displayed low plastic viscosity (PV) and gel strength values
at all the temperatures investigated. The lower flash points and shorter carbon chain
lengths of EO and OA, compared to the reference fluid, contributed to the lower rheology
profiles of the ester-based drilling fluids. The study suggested that increasing the number
of appropriate additives used in formulating the drilling fluid, like organophilic clay, can
improve the rheology profile of the drilling fluids that are formulated with the esters.
1.2. Nano-Enhanced Drilling Fluids
Studies have shown that the addition of nanoparticles is more effective than polymer-
based additives as fluid loss control agents. Furthermore, the addition of nanoparticles
(NPs) does not affect the density of the drilling fluid [18]. The high surface area-to-volume
ratio of NPs and their small size (<100 nm) justify their use as a type of additive for
improving the rheology and filtration properties of drilling fluids. These properties of
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NPs increase the interaction forces between polar molecules of water and drilling fluid
additives and enhance the hole cleaning process [19,20]. In addition, they can improve
other properties of the drilling fluids, such as thermal conductivity, heat transfer, wellbore
stability, and shale inhibition [21–23].
Rafati et al. [22] reported that the role of nanofluids in enhancing viscosity is due
to the increase in interaction forces between particles. It was also stated that metal NPs
have high thermal conductivities in comparison to typical components of drilling fluids.
Therefore, metal NPs can be effective heat conductors and, in turn, enhance the stability
of the drilling fluids due to Brownian motion, which triggers better heat dissipation. The
improved heat transfer property leads to less degradation of the drilling fluid at elevated
temperatures, thus maintaining its rheological properties. However, Yu-Hua et al. [24]
indicated that the thermal conductivity of nanofluids depends on the temperature, and
it cannot be described by Brownian motion only. That is because changes in viscosity
and agglomeration of particles could also occur with the variations in temperature. An
increase in the temperature was found to reduce the surface energy and agglomeration of
nanoparticles while lowering the viscosity that would enhance the Brownian motion.
Smith et al. [23] investigated the application of aluminum oxide nanoparticles to
enhance the rheological and filtration properties of a WBDF in NPNT and HPHT conditions.
They found that the thermal stability of the drilling fluid was increased by the addition
of aluminum oxide NPs, compared to silica NPs, at concentrations ranging from 0.1 wt%
to 1 wt%. Lower fluid losses in HPHT conditions were observed with increasing the
concentration of aluminum oxide NPs compared to silica NPs. In the meantime, a lower
increase of shear stress was reported for the case of aluminum oxide NPs compared to
silica NPs.
Nanoparticles (NPs) have been consequently used as Pickering emulsion stabiliz-
ers [25–27], which are solid particles that can stabilize emulsion either solely or in conjunc-
tion with emulsifiers [28]. Pickering particles cause a steric barrier between the aqueous
droplets, thus preventing their coalescence [29]. This is due to their strong ability to adsorb
irreversibly at the oil/water interface that covers each dispersed droplet [30–32].
Wang et al. [33] reported the influence of concentrations of metal oxide nanoparticles
on the zeta potential and illustrated the influence of the surface charge of NPs on their
aggregation. This aggregation property was linked to the zeta potential, which is a measure
of colloidal particles’ electrostatic interactions on its diffuse layer’s inner boundary. Their
experimental results showed that the zeta potential is affected by the temperature, the type
of ion in suspension and its strength, as well as the pH. In another study by Beg et al. [34],
the zeta potential and particle size were analyzed to show the attractive interaction between
TiO2 NPs and xanthan gum in WBDFs. The interaction between TiO2 and xanthan gum en-
sued a wider distribution range and higher average particle size. This resulted in improved
rheological properties and filtration characteristics, and alleviated the thermal degradation
of hot rolling experiments that were performed at 110 ◦C [34,35]. In another study by
Heister et al. [36], the zeta potential of multi-walled carbon nanotubes (MWCNTs) was
measured with varying pH. These measurements were used to determine the MWCNTs’
dispersion and their colloidal stability. The results showed that certain aspects, such as the
appropriate pH and a low concentration of salt, improved the dispersion.
Ismail et al. [37] investigated the impact of multi-walled carbon nanotubes (MWCNTs)
on the gel strength and emulsion stability of EBDFs. They reported that at higher concen-
trations of MWCNTs, a slight increase in the emulsion stability of the fluid was observed,
and the gel strength was increased at elevated temperatures. This is due to the electrostatic
forces between the MWCNTs and other components of the drilling fluid, which in turn,
causes drilling fluid texture to be rigid and demonstrate an enhanced gel structure [37].
Other rheological properties, such as plastic viscosity, yield point, and filtration loss, were
not tested for EBDFs.
Using nanoparticles to improve the performance of WBDFs has been proven through
laboratory and field tests. However, limited studies have been conducted so far on the
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application of nanomaterials to enhance the properties of EBDFs. Razali et al. [1] suggested
that the addition of nanoparticles to EBDFs would attain similar enhancement of the
rheological and filtration loss properties as reported for the WBDFs. In their study, they
highlighted that the dispersion of nanomaterials is a crucial criterion that would obtain
the potential benefits in nano-enhanced EBDFs. However, they reported that the effect of
nanoparticles on EBDFs’ rheological properties has yet to be examined.
Synthetic-based drilling fluids, such as ester-based drilling fluids with environmen-
tally friendly properties, are strong candidates for offshore and deepwater drilling opera-
tions. Nevertheless, previous reports were focused on using palm oil methyl ester (POME)
as the base fluid. Although it is commercially used due to its similar performance to OBDFs,
its use is limited in deepwater conditions due to its high pour point. Therefore, developing
a drilling fluid that is compatible with deepwater or cold offshore drilling operations and
has a lower environmental footprint is still a challenge.
2. Methodology
In our study, ethyl octanoate ester, as a base fluid, was used in the drilling fluids
samples. Studies on the palm oil methyl ester-based drilling fluids showed promising
rheological and filtration properties that were near to those of commercial drilling fluids, in
comparison with ethyl octanoate-based drilling fluids. However, the palm oil methyl ester
was not chosen due to its high pour point of 59 ◦F (15 ◦C), which restricts its application
in low temperature deepwater conditions [17]. Ethyl octanoate, with a lower pour point
−40 ◦F (−40 ◦C), could be used as the base fluid to formulate an EBDF. This is because
of the chemical formula of ethyl octanoate (C10H20O2), which has a shorter carbon chain
than palm oil methyl ester (C17H34O2); therefore, ethyl octanoate, with a lower molecular
weight, has a lower pour point and kinematic viscosity. However, ethyl octanoate has
unfavorable thermal stability, that is, it undergoes hydrolysis at elevated temperatures,
thus causing the drilling fluid to lose its rheological properties.
As suggested by Razali et al. [1], the introduction of nanoparticles to EBDFs may im-
prove the thermal stability and rheological properties of EBDFs. Since the ethyl octanoate
EBDFs showed low yet acceptable rheological properties, nanoparticles were added in
different concentrations to determine their effects on enhancing the drilling fluids’ proper-
ties. The selection of nanoparticles originated from a recent study by Smith et al. [23], who
compared the use of aluminum oxide and silica nanoparticles to enhance the properties
of WBDFs in NPNT and HPHT conditions. In their study, they concluded that aluminum
oxide nanoparticles excelled in enhancing the thermal stability and lowering degradation
rates when nanoparticles were used, even in small concentrations, to formulate WBDFs.
Thus, aluminum oxide NPs were used to analyze the effects of these additives on stability,
and the rheological and filtration properties of the EBDFs.
2.1. Materials
An invert (water-in-oil) emulsion drilling fluid was prepared. An ester/water ratio
of 80:20, with ester as the continuous phase and brine (water and calcium chloride) as the
emulsified phase, was used in this study. Based on previous studies by Sauki et al. [15],
this ester/water ratio generates rheological properties comparable to a commercial drilling
fluid called “Sarapar-based drilling fluid”. Since it is a non-aqueous drilling fluid, the
choice and performance of the emulsifier used to stabilize the coexistence of ester and water
was a vital factor that directly affected the performance of the drilling fluid. Commercial
primary and secondary emulsifiers (SUREMUL EH and SUREWET) were used to ensure
there were stable water-in-oil emulsions in the EBDF structure.
Even though the surface area of aluminum oxide nanoparticles (210,417 ft2/lbm) is
lower than the surface area of silica NPs (920,576–1.18 × 106 ft2/lbm), a high thermal con-
ductivity (17 Btu/h.ft.◦F) of aluminum oxide NPs, compared to silica NPs (0.81 Btu/h.ft.◦F),
makes them suitable for enhancing the thermal stability of drilling fluids [23]. Therefore, in
this study, we used aluminum oxide NPs to improve the thermal stability of the EBDF. The
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aluminum oxides used were nanorods with lengths less than 50 nm. The characteristics of
the aluminum oxide NPs are presented in Table 1.
Table 1. The aluminum oxide nanorods characteristics (as provided by the Sigma Aldrich Company).








Oxide White 101.96 Rod
Gamma
phase <3.28 × 10




In our study, we used 1.5 ppb of ECOTROL (filtration control agent) and 1 ppb of VG
Supreme (gelling agent); these are consistent with the study conducted by Said et al. [16],
in which an EBDF with 1 ppb of ECOTROL and 2.5 ppb of VG supreme was formulated.
2.2. Apparatus
A Hamilton Beach Mixer was used for mixing the base fluids and additives to prepare
the EBDF samples, and their densities were measured by an OFITE Mud Balance. It should
be noted that even at a high shear rate mixing with the Hamilton Mixer, re-agglomeration
of NPs could occur due to the strong Van der Waals attractive forces. Therefore, a more
efficient mixing can be achieved using ultrasonic baths and a magnetic stirrer, to mix
the NPs with the brine solution at a high pH value (by adding lime), before the addi-
tion of other components [38]. To determine the rheology of the prepared samples, an
OFITE Model 800 viscometer was used. Then, an OFITE filter press with a filter paper
with 7.87 × 10−5–1.97 × 10−4 in 2 (2–5 µm) particle size retention was used to measure the
filtration loss properties.
2.3. Experimental Procedure
The recommended mixing method was used to prepare the samples (one laboratory
barrel is equal to 350 mL of drilling fluid) [39]. A standard time of 5 min of mixing was
followed, after the addition of every component of the drilling fluid in the mixing order,
recorded in Table 2, to achieve a drilling fluid density of 11 ppg (1.32 g/cm3) and a pH
value of 11. The aluminum oxide nanoparticles were added to the aqueous phase by
high shear mixing. Drilling fluid samples were placed inside ice buckets until reaching
a temperature of 2.6 ◦C to represent cold offshore conditions. An incubator was used to
heat up the samples at a temperature of 70 ◦C for 16 h (aging period) to investigate the
rheological and filtration properties comparable to field scenarios [23].
Table 2. Composition and order of mixing of the formulated ester-based drilling fluid (EBDF) samples.
Material Mixing Order Concentration Purpose Source
Ethyl octanoate ester
1
223.2 mL Base fluid Sigma Aldrich
VG HT 1 ppb High temperature Viscosifier MI SWACO
VG Supreme 1 ppb Gelling agent MI SWACO
Lime 2 10 ppb Alkalinity agent
Primary emulsifier
3
8 ppb Emulsifier MI SWACO
Secondary emulsifier 2 ppb Wetting agent MI SWACO
Water
4




Calcium chloride 17.5 ppb
Aluminum oxide NPs
(<50 nm) 0.1, 0.2, 0.5, 1, 1.5 wt.% Sigma Aldrich
Ecotrol 5 1.5 ppb Filtration control MI SWACO
Barite 6 180.4 ppb Weighting agent
Sodium carbonate 7 4 ppb pH control
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2.4. Mathematical Theory
Drilling fluids demonstrate mainly non-Newtonian behaviors, in which viscosity
varies with shear rates. There are different models to represent the behavior of drilling
fluids. However, the Herschel–Bulkley model is the most accurate model to represent the
rheology of drilling fluids, based on past studies [22,40].
This model is defined by the following equation:
τ = τ0 + Kγn (1)
where τ is the shear stress, τ0 is the yield point, K is the consistency index, γ is the shear
rate, and n is the flow behavior index. Using the experimental data obtained for the shear
rate and shear stress, we were able to minimize the residual sum of squares (RSS) between
the model, Equation (1), and experimental shear stresses. Thus, through the RSS method,
the values of yield point, consistency index, and flow behavior index were estimated.
To measure the shear rate and shear stress, we used the conversion that a 1◦ dial
reading was equivalent to 1.067 lbf/100 ft2 of shear stress, and 1 RPM was equivalent to a
1.703 s−1 shear rate [41].
Furthermore, for comparison purposes, we used the Bingham Plastic model, which
is a common and easy-to-implement model, to represent the rheology of drilling fluids
(although it is less accurate). The rheological properties based on the Bingham Plastic
model (plastic viscosity PV, and yield point YPBP), were calculated using the rheometer,
as follows:
PV (cP) = θ600 − θ 300 (2)
YPBP (lb/100ft2) = θ300 − PV (3)
where θ600 and θ300 are dial readings at 600 and 300 speeds (RPM), respectively.
2.5. Coding
There was a total of 18 samples investigated in this study, with the coding as shown in
Table 3. The letter T in the coding denotes “temperature” and is followed by the value of
the temperature (◦C) at which the sample was tested. N denotes the concentration of the
aluminum oxide NPs and is followed by the numeric value (wt%) of the concentration. For
example, “T70N0.5” represents the EBDF sample at 70 ◦C with 0.5 wt% aluminum oxide
NPs added.
Table 3. The coding for the samples with different nanoparticle (NP) concentrations that are used in
this study.
Wt.% Aluminum Oxide NPs 2.6 ◦C 26.8 ◦C 70 ◦C
0.0 T2.6N0 T26.8N0 T70N0
0.1 T2.6N0.1 T26.8N0.1 T70N0.1
0.2 T2.6N0.2 T26.8N0.2 T70N0.2
0.5 T2.6N0.5 T26.8N0.5 T70N0.5
1.0 T2.6N1 T26.8N1 T70N1
1.5 T2.6N1.5 T26.8N1.5 T70N1.5
3. Results and Discussion
The emulsion stability and the rheological and filtration properties of the formulated
drilling fluid samples were evaluated at low, normal, and high temperatures. The density
of the drilling fluid samples remained at 11 ± 0.1 ppg.
3.1. Visual Inspection for the Invert Emulsion (EBDF) Stability
We found that the addition of at least 1 wt% NPs can improve the stability of the
formulated drilling fluid significantly, as shown in Figure 1 (the drilling fluid samples were
left in static conditions for 16 h in order to analyze their stabilities). Minimal separation of
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the liquid occurred in a sample with nanoparticles, compared to the base EBDF (without
nanoparticles). This improvement was due to the dispersion of particles and hence, the
electrostatic interaction between the colloidal particles [19,33].
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Figure 2. The mechanism of stabilizing the water-in-oil emulsion in the EBDF using aluminum
oxide nanorods.
3.2. Rhe logical Properties in NPNT Conditions
Before the addition of nanoparticles, the formulated EBDF was tested at low (2.6 ◦C),
ambient (26.8 ◦C), and elevated (70 ◦C) temperatures. Figure 3 displays the shear stress
versus the shear rate the base EBDF at different temperature . It shows that, at higher
temperatures, the sh ar str ss was reduced.
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experimental data; lines: Herschel–Bulkley model.
In the next experiments, we added nanoparticles to the drilling fluid and evaluated
its performance. Figure 4 shows the shear stress versus the shear rate for the EBDFs, with
different NP concentrations in normal pressure and normal temperature conditions. It
demonstrates that, at the reported range of concentrations, the shear stress increased with
increasing NP concentrations. Table 4 shows the values of the yield point, the consistency
index, and the flow behavior index in the Herschel–Bulkley model. Based on the Herschel–
Bulkley model, the τ0 dropped from 12.59 lbf/100ft2 to 8.29 lbf/100ft2 with the addition
of 0.1 wt% NP; it then increased with increasing NP concentrations up to 17.54 lbf/100ft2.
The values of the consistency index, K, increased with increasing NP concentrations
(0.44–0.78), while the flow behavior index, n, decreased from 0.7 to 0.63 with the addition
of nanoparticles. This means that a higher concentration of nanoparticles was beneficial
for a higher yield point and a lower value; however, the K value increased with a higher
co centrati n of nanoparticles.
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Table 4. The yield point, consistency index, and flow behavior index for the Herschel–Bulkley model
at 26.8 ◦C.
EB F Code τ0 (lbf/100ft
2) K n
T26.8N0 12.59 0.44 0.70
0.1 8.29 6 4
T26.8N0.2 9.90 .51 0.66
T26.8 0.5 9.27 0.68 0.63
T26.8N1 11.97 0.80 0.61
T26.8N1.5 17.54 0.78 0.63
Sustainability 2021, 13, 3399 10 of 18
A comparison of the rheological properties of the base EBDF with previous studies
is shown in Figure 5. The rheological properties of the EBDF were analyzed against the
rheological properties of the palm methyl ester-based drilling fluid (PMDF), Sarapar-based
drilling fluid (a commercial OBDF), and a WBDF, reported by Sauki et al. [15]. All these
samples have similar mud weights; however, the Sarapar-based drilling fluid, PMDF, and
WBDF displayed higher and progressive gel strength properties compared to the EBDF
(T26.8N0). This is because of the low viscosity of the ethyl octanoate that was used in
sample T26.8N0 (it has a shorter carbon chain in its structure), compared to other oils [4].
This can highlight the advantages of improved pumpability and reduced frictions that can
be achieved by the EBDFs formulated.
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Figure 5. Rheological properties of the EBDF sample compared with Sauki et al.’s PMDF (palm
methyl ester-based drilling fluid), Sarapar-based drilling fluid (commercial OBDF), and WBDF in
NPNT conditions [15].
The outcomes of our analyses of the nano-enhanced EBDF are shown in Figure 6. The
rheological properties explicate that the addition of aluminum oxide NPs slightly increased
the PV, however, the changes are not significant.
Sustainability 2021, 13, x FOR PEER REVIEW 11 of 18 
 
 
Figure 6. Rheological properties of nano-enhanced EBDF in NPNT conditio s (26.8°C). 
3.3. Rheological Properties in Simulated D epwa er Conditi ns (2.6 °C) and an Elevated Temper-
ature (70 °C) 
The rheological properties of the nano-enhanced drilling fluids were evaluated at 
low and high temperature conditions, that is, at 2.6 °C and 70 °C, respectively. The sa -
ples at 2.6 °C and 70 °C displayed large increases in the shear stress with 1.5 wt% nano-
particle concentration, as shown in Figure 7, while at lower concentrations, the changes 
were either insignificant or within the acceptable range. The corresponding values of the 
Herschel–Bulkley model are presented in Table 5. It shows that at both 2.6 °C and 70 °C, 𝜏  demonstrated an increasing trend, in general, with increasing NP concentrations. The 
consistency index, K, first decreased with increasing the NP concentrations, then in-
creased with the further addition of NPs, at both low and high temperatures, and the flow 
behavior index, n, decreased with the addition of nanoparticles at a low temperature; 
however, it shows an increasing trend with the addition of nanoparticles at a high tem-
perature. Therefore, based on the above analyses at three temperatures, the rheological 
behavior of the ester-based drilling fluid could be optimized at an optimum concentration 
of nanoparticles. 
 
Figure 7. Shear stress versus shear rate of nano-enhanced EBDF at (a) 2.6 °C, and (b) 70 °C. Sym-
bols: experimental data; lines: Herschel–Bulkley model. 
Figure 6. Rheological properties of nano-enhanced EBDF in NPNT conditions (26.8 ◦C).
A decrease in the PV was observed by the addition of 0.1 wt% NP. According to Ka-
tende et al. [30], this reduction is attributed to the ability of NPs to interrupt the formation
of gel between the particles in the drilling fluids with low mud weight. With the higher
concentrations of NPs, that is, 1, and 1.5 wt%, the PV, YPBP, and gel strengths either re-
mained unchanged or slightly increased in comparison to sample T26.8N0. The increase in
the rheological properties is due to an increase in the concentration of solid particles, which
results in higher zeta potential. A increase of t e zeta pot ntial causes a improvement
in the electrostatic repulsion, which in turn, demonstrates nhanced dispersion stability,
and higher frictions between the fluids’ layers in an ester-based suspension system. An
increase i d illing fluids’ properti s that exce ds the acceptable ranges should be avoided,
as th means pumpabil ty can b an issue. Also, static conditions of a d ill ng fluid for a
long time (as s own by “Gel, 10 min”) may cause s me bindings between the na oparticles
and other solids components, tha are not easy to break. The efore, based on these d ta, a
maximum of 1 t% NP can be used to have a stable EBDF, with the properties remaining
almost unc anged, compared to the bas sample in NPNT conditions.
When our EBDFs were compare t the reported results by Said et al. for their
commercial ester-based drilling fluid (CEBDF), all samples had a lower PV and a higher
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YP. The gel strengths at 10 s and 10 min for the CEBDF samples [16] were higher compared
to the samples with and without nanoparticles in this study. Therefore, the ethyl octanoate
ester can give a better performance compared to the CEBDF and EBDF reported by Said
et al. (lower PV and gel strengths, and a higher YP).
3.3. Rheological Properties in Simulated Deepwater Conditions (2.6 ◦C) and an Elevated
Temperature (70 ◦C)
The rheological properties of the nano-enhanced drilling fluids were evaluated at low
and high temperature conditions, that is, at 2.6 ◦C and 70 ◦C, respectively. The samples
at 2.6 ◦C and 70 ◦C displayed large increases in the shear stress with 1.5 wt% nanopar-
ticle concentration, as shown in Figure 7, while at lower concentrations, the changes
were either insignificant or within the acceptable range. The corresponding values of the
Herschel–Bulkley model are presented in Table 5. It shows that at both 2.6 ◦C and 70 ◦C,
τ0 demonstrated an increasing trend, in general, with increasing NP concentrations. The
consistency index, K, first decreased with increasing the NP concentrations, then increased
with the further addition of NPs, at both low and high temperatures, and the flow behavior
index, n, decreased with the addition of nanoparticles at a low temperature; however, it
shows an increasing trend with the addition of nanoparticles at a high temperature. There-
fore, based on the above analyses at three temperatures, the rheological behavior of the
ester-based drilling fluid could be optimized at an optimum concentration of nanoparticles.
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Figure 7. Shea tress versus shear rate of ano-enhanced EBDF at (a) 2.6 ◦C, and (b) 70 ◦C. Symbols:
experimental data; lines: Herschel–Bulkley model.
It should be noted that the samples demonstrated thermal stability, as they did not
break at 70 ◦C, and showed a steadiness in the shear stress.
Other rheological properties of the nano-enhanced drilling fluids were investigated,
as shown in Figure 8. It displays a comparison of the rheological properties of the nano-
enhanced ester-based drilling fluid (EBDF) from this study with a commercial low-impact
drilling fluid (LIDF) reported by Kakadjian et al. [43] at an LT of 4.4 ◦C. The PV remained
almost unchanged up to a 1 wt% NP concentration, while the YPBP showed a significant
increase at 1 and 1.5 wt% NP concentration. Since a low PV and a high YPBP is desirable,
the T2.6N1 sample, with a 1 wt% NP concentration, exhibited the optimum PV/YPBP value
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in low temperature conditions in comparison to the LIDF. The gel strengths at 10 s and
10 min did not experience a jump from 10 s to 10 min, as compared to the LIDF reported
by Kakadjian et al. [43].
Table 5. The yield point, consistency index, and flow behavior index for the Herschel–Bulkley model
at 2.6 ◦C (left) and 70 ◦C (right).
EBDF Code τ0 (lbm/100ft2) K n EBDF Code τ0 (lbm/100ft2) K n
T2.6N0 16.3 0.74 0.66 T70N0 4.9 0.34 0.66
T2.6N0.1 16.3 0.73 0.65 T70N0.1 7.0 0.20 0.73
T2.6N0.2 17.2 0.58 0.69 T70N0.2 6.8 0.17 0.75
T2.6N0.5 17.3 0.69 0.68 T70N0.5 5.2 0.19 0.75
T2.6N1 20.7 1.38 0.59 T70N1 6.8 0.23 0.72
T2.6N1.5 28.6 1.86 0.57 T70N1.5 12.1 0.92 0.56
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Figure 8. Rheological properties of nano-enhanced drilling fluids at 2.6 ◦C compared to the low-
impact drilling fluid (LIDF) results from Kakadjian et al. [43].
The rheological properties for EBDF samples at 70 ◦C are shown in Figure 9. The
samples were compared with an ester-based drilling fluid formulated with ethyl octanoate
(EOBDF), and a commercial SBDF (CSBDF) at the same temperature [17]. The PV and
YPBP were evaluated to ensure that they were within the acceptable ranges. PV is desired
to be low and range from 10–60 cP (preferably, 15–40 cP), while YPBP is desired to be
high, within the range of 5–40 lb/100 ft2 (preferably, 10–25 lb/100 ft2), when tested at
50 ◦C, above which, hydrolysis can occur [8]. The results from this study demonstrate an
increase of PV with the addition of nanoparticles at 70 ◦C. Although there was a significant
decrease in YPBP compared to low temperature cases, the values of YPBP for all samples
remained within the accepted ranges [40]. A decrease in the YPBP with the addition of
nanoparticles was observed in Figure 9, up to 0.5 wt% NP, followed by an increase in YPBP
at 1 wt% NP, with the highest YPBP at 1.5 wt% NP. This behavior could be attributed to the
surface charges of particles that cause attraction/repulsion forces. By adding nanoparticles
that have a larger surface area, and hence there would be a more effective distribution of
charges on their surfaces, the interaction forces between the suspended particles would
be higher. This leads to the modification of rheological behavior, that is, a reduced yield
point at lower concentrations (due to better dispersion), and then Brownian motion and
higher friction between fluid layers at higher nanoparticle concentrations, increasing the
viscosity [22]. In a controlled volume, the nanoparticles are dispersed and attracted to
the suspended phases, which can avoid agglomeration, and thus, cause greater attraction
forces that enhance the YPBP. The gel strength properties demonstrated higher values for
the samples with nanoparticle concentrations of 1 wt% and 1.5 wt%, with the samples
displaying a steady gel strength at 10 min. The EOBDF and CSBDF still displayed lower
rheological properties as compared to the samples from our study.
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when increasing the nanoparticle concentration to 0.5 wt% NP, and they increased with 
increasing NP concentrations from 0.5–1.5 wt%. This is due to the electrostatic forces be-
tween the nanoparticles and other polar components that cause them to be linked strongly 
with each other and form a stronger gel [44]. However, at higher temperatures, heat trans-
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Figure 9. Rheological properties of the EBDF samples compared to Orji et al.’s EOBDF and CSBDF at
70 ◦C [17].
Figure 10 shows the variations in PV with the increasing nanoparticle concentrations,
and a decrease of PV with increasing temperatures. A study by Vryzas et al. [38] confirmed
that this behavior is attributed to the increase of emulsion stability caused by the addition
of nanoparticles (aluminum nanocomposites and MWCNTs), which in turn, increases the
PV. On the other hand, an increase of YPBP occurs with increases in the concentration of
NPs. At 2.6 ◦C, YPBP increased after the addition of 0.2 wt.% NP, and at 26.8 ◦C and 70 ◦C
after the addition of 1 wt.% NP. The improvement in yield point is due to the large surface
area-to-volume ratio of nanoparticles, which increased the attraction forces between the
components of the drilling fluid suspended between the polar molecules of ester and
water. At 1.5 wt%, a high jump of YPBP was noticed at LT; although a high YPBP is desired
particularly at high temperatures, a fairly high YPBP would lead to flocculation and thus, a
decrease in the rate of penetration (ROP) and loss of pump pressure [30].
Sustainability 2021, 13, x FOR PEER REVIEW 13 of 18 
 
viscosity [22]. In a controlled volume, the nanoparticles are dispersed and attracted to the 
suspended phases, which can avoid agglomeration, and thus, cause greater attraction 
for e  hat enhance the YPBP. The g l stre gth roperties demonstrated higher values for 
the samples with nanoparticle concentrations of 1 wt% and 1.5 wt%, with the samples 
displaying a steady g l strengt  at 10 mi . The EOBDF and CSBDF still displayed lower 
rheological properties as compared to he samples from our study. 
 
Figure 9. Rheological properties of the EBDF samples compared to Orji et al.’s EOBDF and CSBDF 
at 70 °C [17]. 
Figure 10 shows the variations in PV with the increasing nanoparticle concentrations, 
and a decrease of PV with increasing temperatures. A study by Vryzas et al. [38] con-
firmed that this behavior is at ributed to the increase of emulsion stabi ity caused by the 
d ition of nan particles (aluminum nanocomposites and MWCNTs), which in turn, i -
c eases the PV. On the other hand, an incr ase of YPBP occ r  with increases in the con-
centration of NPs. At 2.6 °C, YPBP incre sed after the addition of 0.2 wt.% NP, and at 26.8 
°C and 70 °C after t  addition of 1 wt.% NP. The improvement in yield point is due to 
the l rge surface area-to-volume ratio of nanoparticles, which increased the attraction 
forces between the components of the drilling fluid suspended betwe n the polar mole-
cules of e te  nd water. At 1.5 wt%, a high jump of YPBP was notic d at LT; although a 
high YPBP is desired particularly a  high temperatures, a fairly high YPBP would lead to 
flocculation and thus, a decrease in the rate of penetration (ROP) and loss of pump pres-
sure [30]. 
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As shown in Figure 11, the gel strengths at 10 s and 10 min remain almost unchanged 
when increasing the nanoparticle concentration to 0.5 wt% NP, and they increased with 
increa ing NP concentrations from 0.5–1.5 wt%. This is due to the electrosta ic forces be-
tw en the nanoparticles and other polar comp ents that cause them o be link d strongly 
with each other a d fo m a stronger gel [44]. However, at higher t mperatures, heat trans-
fer becomes im o tant and at igher nan particle concentrations, the rat of h at dissipa-
tion increases; this can help avoid faster water evapor tion and inimize the po entials 
of ester hydrolysis. Therefore, t  samples with nanoparticles remain d stable at high 
i . f t ff t f i i t. ( ) t l ti i it ( ) ( ) t
yield point (YPBP), of EBDF.
ti .
concentrations from 0.5–1.5 wt%. Th is due to th electrostatic forc s
between the anoparticles and other p l r components that cause th m to be linked
strongly wit each other d or a stronger gel [44]. However, at higher temperatur s,
heat transfer becomes important and at higher anoparticle concentrati s, the ate of
heat dissipation in reases; this can help avoid faster water vaporation and minimize
the potentials of ester hy rolysis. Therefore, the s mples with nanoparticles r mained
stable at high temperatures, and the gel strengths of the samples with nanoparticles at high
temperatures became steadier. Thus, the nanoparticle concentration of 1 wt% that produced
a stable suspension system with reasonable PV and YPBP and did not show a significant
increase in gel strength values (at three temperature conditions) can be considered to be an
optimum concentration.
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3.4. Filtration Loss at NPNT
The fluid loss volume for an American Petroleum Institute (API) filter press test (at an
ambient temperature and 690 kPa) is presented in Figure 12. It shows a decreasing trend
for the filtrate volume with the addition of nanoparticles to the ester-based drilling fluid,
as the fluid loss (at 30 min) was reduced from 2.38 mL to 1.3 mL. The lowest fluid loss
volume was recorded when the concentration of NPs was increased to 1 wt%. However,
an increase to 1.5 mL occurred with the addition of 1.5 wt%, confirming the preeminent
concentration to be 1 wt% NP for filtration loss. This supports the theory behind the
addition of nanoparticles to reduce the loss by plugging the small pores, as they have been
pushed by the pressure difference between the wellbore and the formation. The PMDF,
Sarapar-based drilling fluid, and the WBDF that were studied by Sauki et al. [15], showed
fluid loss volumes of 3.9 mL, 3.5 mL, and 17.8 mL, respectively, at 30 min, which are higher
filtrate volumes compared to the EBDF in this study. In addition, the filter cake thickness
was reduced with increasing concentrations of nanoparticles, from 2.41 mm to 1.05 mm
(50% reduction), as shown in Figure 12c. This reduction is also consistent with studies
conducted by Saboori et al. [45], in which they reported a reduction of 20–50% of mud cake
thickness with increasing concentrations of nanoparticles.
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4. Conclusions and Recommendations
An investigation on the rheological and filtration properties of the EBDF in NPNT
conditions, low temperature (simulated deepwater) conditions at 2.6 ◦C, and at an elevated
temperature of 70 ◦C, was conducted. Aluminum oxide nanoparticles were found to
be promising additives to enhance the rheological and filtration properties of the EBDF
at an optimum concentration. They can lower the risk of a hydrolysis reaction of the
ester through higher rates of heat transfer and, in turn, stabilize the drilling fluid. The
formulated EBDF exhibited better YP and gel strength properties compared to the previous
studies on EBDFs and PMDFs. The EBDF in this study has the benefit of pumpability at
a lower temperature range, compared to PMDFs, in addition to its lower PV and more
stable rheology.
The rheological properties of the nano-enhanced EBDF were tested in LT, NPNT, and
elevated temperature conditions with various concentrations of nanoparticles (0.1, 0.2, 0.5,
1, and 1.5 wt%). The results show an improvement of rheological properties and stability at
high temperatures, delaying the hydrolysis of the ester. The best performance was recorded
for the drilling fluid with a nanoparticle concentration of 1 wt%. This suggests that EBDF
with 1 wt% NP can be used for low temperature offshore drilling in shallow depths, and
where the formation temperature is as high as 70 ◦C.
In this study we used one type of nanoparticle and ester; therefore, the following are
some recommendations for further research:
• Comparison of the performance of aluminum oxide nanoparticles with other types of
nanoparticles that are compatible with esters, such as MWCNT nanoparticles.
• Conducting experiments using different esters (preferably, branched-chain ones) to
compare and determine the preeminent ester as a base fluid, depending on the drilling
operations.
Author Contributions: Conceptualization, A.S.H. and R.R.; methodology, A.S.H., R.R., A.A. and
A.B.; validation, A.A. and A.B.; formal analysis, A.S.H., A.A., A.A.A. and A.M.A.; investigation,
A.S.H., A.A., A.B., and R.R.; resources, A.S.H., and R.R.; data curation, A.A. and A.B.; writing—
original draft preparation, A.A.; writing—review and editing, A.S.H., A.A., R.R., A.A.A. and A.M.A.;
visualization, A.A. and A.S.H.; supervision, A.S.H. and R.R.; project administration, A.S.H. and
R.R.; funding acquisition, A.S.H., R.R., A.A.A. and A.M.A. All authors have read and agreed to the
published version of the manuscript.
Funding: This work was supported by an Institutional Links grant, ID 352343681, under the Newton–
Mosharafa Fund partnership. The grant is funded by the UK Department for Business, Energy and
Industrial Strategy, and Science, Technology & Innovation Funding Authority (STDF) and delivered
by the British Council. For further information, please visit www.newtonfund.ac.uk. Science,
Technology & Innovation Funding Authority (STDF) support was under the grant No. (30894).
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to commercialization purposes.
Acknowledgments: The authors would like to acknowledge the School of Engineering at the Uni-
versity of Aberdeen for providing the required facilities to complete this research. In addition, the
authors would like to thank the support from MI-SWACO in providing commercial emulsifiers and
consumables used in this project.
Conflicts of Interest: The authors declare no conflict of interest.
Sustainability 2021, 13, 3399 16 of 18
Abbreviations
API American Petroleum Institute
AV Apparent viscosity, centipoise (cP)
EBDF Ester-based drilling fluid
ECD Equivalent circulating density
Gel 10 min Gel strength after 10 min, lbf/100ft2
Gel 10 s Gel strength after 10 s, lbf/100ft2
HPHT High pressure and high temperature
Normal pressure and normal temperature; this means that a measurement is
NPNT performed at ambient temperature and under 100 psi differential pressure; also refers
to the API Filter Press standard condition
LT Low temperature conditions, representing deepwater conditions
NPs Nanoparticles
OBDF Oil-based drilling fluid
PAC Polyanionic cellulose
ppb Pounds per barrel
ppg Pounds per gallon
PV Plastic viscosity, centipoise (cP)
ROP Rate of penetration
RPM Revolutions per minute
WBDF Water-based drilling fluid
wt% Concentration by weight
XG Xanthan gum
YPBP Yield Point (Bingham Plastic model), lbf/100ft2
γ Shear rate, s−1
τ0 Shear stress, lbf/100ft2
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